via the UV laser in situ 40 Ar/ 39 Ar technique. Although primary hydration of impact-generated 26 glasses enhanced the diffusivity of 40 Ar inherited from silica-rich melts, data still had to be 27 corrected for extraneous 40 Ar by using isotope correlation plots to define the initial trapped 28 40 Ar/ 36 Ar components. Our inverse isochron age of 196.8 ± 9.6/9.9 Ma (2σ, analytical/external 29 precision) demonstrates that the Gow Lake event occurred within uncertainty of the Triassic-30 Jurassic boundary, but there is no evidence that it was part of an impact cluster. 31
INTRODUCTION 32
were collected from the lake perimeter and from Calder Island in the centre of the lake (Table B .1; 78 Fig. 1 ). Calder Island impact melt rocks were deemed most probable to yield reliable ages because 79 melting would be expected to have reset the 40 Ar/ 39 Ar clock. The impact melt rocks were divided 80 into three groups by their colour in hand specimen: pink, green and black. A metamorphosed 81 granitic target rock was also analysed. 82 83 3 METHODS 84
Optical and electron microscopy 85
Polished thin sections were prepared from the samples listed in Table B .1. Additionally, three 86 impact melt rocks (two crystalline, one glassy) and one sample of target rock, each roughly 87 10×10×2 mm in size, were made into doubly polished wafers. Transmitted light microscopy of 88 polished thin sections used a Zeiss Axioplan and an Olympus BX41 petrographic microscope, and 89 the polished wafers were imaged using an Olympus SZX7 binocular microscope. Backscatter 90 electron (BSE) images of thin sections and wafers, and qualitative energy dispersive X-ray 91 spectroscopy (EDS) analyses used a field emission Zeiss Sigma SEM equipped with an Oxford 92 Instruments silicon drift X-ray detector at the University of Glasgow. The SEM was operated at 20 93 (CO 2 (s)) and acetone. Ion beams were measured using an ARGUS V multi-collector noble gas mass 138 spectrometer with a sensitivity of 7 × 10 -14 mol/V (Mark et al., 2009 ). Isotope extraction, 139 purification, extraction line operation, and mass spectrometry were fully automated. Backgrounds 140 were measured after every unknown and after every air pipette. Mass discrimination was monitored 141 by analysis of air pipettes after every three unknowns (every seven analyses including blanks). 142
Fish Canyon sanidine (FCs) was analysed by total fusion with a focused CO 2 laser. GA 143 1550 was step-heated using a focused CO 2 laser. FCs and GA 1550 were used for J-value 144 determinations, the FCs data being treated as an additional unknown to confirm the accuracy of the 145 J-values determined from the analysis of GA 1550. 146 147
Data analysis 148
For the purpose of these experiments plateau ages were defined as a minimum of three contiguous 149 steps overlapping at 2σ uncertainty, comprising >50% 39 Ar released (Fleck et al., 1977) . Plateau 150 ages were calculated using mean weighted by inverse variance; plateau uncertainties calculated by 151 standard error of the mean (sem), but if MSWD>1 then sem*sqrt(MSWD). Where MSWD is the 152 mean squared weighted deviates, equivalent to the reduced chi-squared statistic, which is a 153 goodness-of-fit test used to assess the coherence of a dataset (Wendt and Carl, 1991) . All plateau-154 forming steps were plotted on an isotope correlation plot and defined an isochron with no automatic 7 rejection (steps already rejected by choosing plateau-forming steps only), software defined x-and y-156 intercepts (no isochron forcing). In situ analyses were plotted on an isotope correlation plot and 157 defined an isochron if they were not clustered near the 36 Ar/ 40 Ar = 0 axis; and for which a 158 probability of fit ≥0.05 (as recommended by Jourdan et al., 2007) . While neither of these definitions 159 is ideal on its own, the combination of the two techniques supports robust analyses and 160 interpretation. All data from both step-heating and in situ analyses were regressed and handled 161 using the Berkeley Geochronology Centre software, MassSpec. 40 
In situ 40 Ar/ 39 Ar analyses 168
Single polished wafers were made from the granitic target rock (GL4.10) and three of the impact 169 melt rocks: green (GL2.21B), pink (GL5.15) and black (GL5.07). The wafers were packed in 170 copper foil with international standard Mount Dromedary biotite (GA 1550, 99.738 ± 0.208 Ma, 2σ, 171 8 spot size; with a raster grid size of ~150 × 150 µm. A total of 70 spots were analysed on a variety of 182 materials including glass, feldspar, quartz, and microcrystalline groundmass. Seventeen analyses 183 were discounted because of poor precision as a result of low 40 Ar (<10 × 40 Ar background ). Discarded 184 analyses included quartz (expected low 40 Ar content) and analyses during which the optimum 185 parameters for laser ablation were still being determined. 186
Gas extraction for GA 1550 was conducted via step-heating using a focused CO 2 laser. GA 187 1550 was used for J-value determinations during data processing. 40 Ar intensity was measured on a 188 10 12 ohm Faraday cup, and 38 Ar and 36 Ar were measured on the SEV 217 ion counter on the 189 ThermoScientific HELIX SFT multi-collector noble gas mass spectrometer specifically configured 190 to deliver high mass resolution and 40 Ar/ 39 Ar multicollection. This system has a measured 191 sensitivity of 7.2 x 10 -13 mol/A. 192
Isotope extraction, purification, extraction line operation, and mass spectrometry were all fully 193 automated. Gas fractions were subjected to 300 s of purification with two AP10 getters (one at 194 room temperature and one at 450° C). Backgrounds were measured after every unknown and after 195 every air pipette. Mass discrimination was monitored by analysis of air pipettes after every three 196 unknowns (every seven analyses including blanks). For unknowns and backgrounds ion beam 197 intensities were measured using the SEV 217 electron multiplier in digital ion counting mode. For 198 air calibrations, and backgrounds bracketing air pipettes, the 40 Ar was measured on the Faraday cup 199 and 38 Ar and 36 Ar were measured using the electron multiplier. The 38 Ar/ 36 Ar from the 200 measurement of the air pipettes was used to determine the mass discrimination factor. Owing to the 201 high sensitivity of the HELIX-SFT this ratio can be measured with sufficient precision (± 0.1%) to 202 be used to monitor mass discrimination. The 40 Ar/ 36 Ar was then utilised to determine the Faraday 203 cup-electron multiplier gain factor. 204 9 The target rock sample (GL4.10, Figs. 2a, A.3) is a medium-grained granite. It contains dominantly 207 anhedral crystals of plagioclase feldspar (~40%), quartz (~30%), K-feldspar (~20%) and biotite 208 (~10%); alignment of the biotite grains defines a weak foliation. All minerals show slight undulose 209 extinction and biotite is slightly kink-banded. No diagnostic shock metamorphic effects were 210 observed. 211
Pink impact melt rocks (GL2.07, GL2.11B, GL2.15A, GL5.15, GL6.07, Figs. 2b, A.4) 212 contain clasts of quartz, feldspar, and granite. Each sample displays a microscopic fabric defined by 213 flow textures ( Fig. 2b) . Both quartz and feldspar clasts have pervasive undulose extinction. 214
Feldspars are highly weathered, as revealed by their brown mottled colour in transmitted light and 215 microporosity visible by SEM. Quartz is optically clear, and ~80% of the grains have decorated 216 planar deformation features (PDFs) and/or ballen silica ( Fig. A.4) . 217
Samples of green impact melt rock (GL2.18, GL2.21B, Figs. 2d, A.5) contain clasts of 218 quartz and feldspar. The matrix is cloudy brown in transmitted light, and composed of small 219 feldspar laths contained in a fine-grained to glassy groundmass ( Fig. 2d) . EDS maps of the 220 groundmass show higher concentrations of potassium adjacent to some of the quartz grains ( Fig.  221 A.5). Quartz comprises ~15% of the thin section. Approximately 60% of quartz clasts have a ballen 222 texture, ~15% have decorated PDFs, 5% show toasting, and the remaining 20% lack any impact-223 induced microstructures. 80-100% of plagioclase clasts have a partial or pervasive sieve texture, 224 sometimes described as "checkerboard" (Bischoff and Stöffler, 1984) , overprinting the original 225 twinning (Fig. A.5) . 226
Black impact melt rock (GL5.07, Figs. 2d, A.6) is matrix supported and contains far fewer 227 grains and clasts than the green and pink types. Grains are dominantly quartz and feldspar, with 228 ~60% of quartz grains having a ballen texture ( Fig. A.6) . The matrix is composed of cloudy brown 229 glass containing abundant cogenetic plagioclase crystallites (Fig. 2d) . The glass is less cloudy 230 adjacent to quartz clasts (Fig. A.6) , and displays perlitic fracturing in some areas. Approximately 231 80% of the plagioclase grains have a sieve texture and preserve twinning ( Fig. A.6 ). The 10 plagioclase has an average composition of An 46-50 Ab 47-50 Or 3-4 (Table B. 
2). Field Emission-Electron 233
Probe Microanalysis (FE-EPMA) of the glass yield totals of 92-94 wt. % (Table B. 3), and plot in 234 two clusters in a TAS diagram ( Fig. A.7 
Step-heating 240
Owing to dissolution of feldspar during acid leaching, only the glass separates from GL5.07 241 (subsamples B, C, E, G, and H) were successfully analysed (Tables D.3, D.5, and D.6). A total of 242 eight single-grain and 14 multi-grain aliquots of glass were analysed. All 14 of the multi-grain 243 aliquots, each with 15 grains, yielded saddle-shaped age spectra ( Fig. 3) indicating the presence of 244 extraneous 40 Ar (either excess argon or argon inherited from the target rock; Kelley, 2002; 245 McDougall and Harrison, 1999). Four single-grain aliquots produced four plateaus ( Fig. 4) . Figure  246 3 summarizes all the saddle-shaped age spectra, and displays the same data on 36 Ar/ 40 Ar vs 247 39 Ar/ 40 Ar isotope correlation plots. These data are also summarised in Table D .5. Based on the 248 shape of the age spectra, the various aliquots were divided into two groups. Group 1 ( Fig. 3a) is 249 characterised by old (~290-330 Ma) low-temperature steps, quickly younging to ~210-250 Ma 250 within 2-3 steps, followed by a near-monotonic rise to older ages (~260-310 Ma) in the high 251 temperature steps. Group 2 ( Fig. 3b) is characterised by old (~300-370 Ma) low-temperature steps, 252 younging to ~230 Ma within 4-5 steps, followed by slight increase in ages, and then high-253 temperature steps with minimal variation in apparent age, and lastly some very high temperature old 254 ages (~270-310 Ma). 255
Both excess 40 Ar (derived from outside the system, for example from argon-saturated fluids 256 circulating after the impact and penetrating the glass) and inherited 40 Ar (caused by physical 257 contamination as a result of incomplete degassing of impact melt rock) can produce saddle-shaped 258 age spectra and apparent trapped 40 Ar/ 36 Ar ratios that are higher than the atmospheric 40 Ar/ 36 Ar 259 ratio. Because both of these processes will make measured 40 Ar/ 39 Ar ages older than the true age, it 260 can be difficult to determine exactly which process is responsible. In recognition of this uncertain 261 source of 40 Ar, the term "extraneous 40 Ar" is used hereafter (Kelley, 2002) . 262
Step-heating spectra show that extraneous 40 Ar is distributed inhomogeneously, both within 263 and between individual grains (as indicated by saddle-shaped spectra and different spectral shapes 264 for different aliquots). Any determination of a trapped 40 Ar/ 36 Ar component using isotope 265 correlation plots is meaningless for these data as it would be an average of the extraneous 40 Ar 266 component trapped in various locations throughout the sample. For this reason, no isochrons are 267 plotted on the isotope correlation plots. 268
Single-grain aliquots produced four plateaus ( Fig. 4 , Table D .6, samples GL5.07 B, E, G). 269
Two comprised of ~96% 39 Ar released ( Fig. 4a upper two panels), and two of 64-69% of the 39 Ar 270 ( Fig. 4a lower two panels). All analyses that produced plateaus were single-grain aliquots of 250-271 500 µm size impact glass (samples GL5.07 B, E, G). Owing to the small amount of material 272 analysed, the number of steps per experiment was limited (six steps per aliquot) so that sufficient 273 gas was released per step to enable accurate and precise measurements and an age determination. 274 Figure 4 summarizes the single-grain aliquot age spectra with plateaus, and plots all plateau 275 steps on a 36 Ar/ 40 Ar vs 39 Ar/ 40 Ar isotope correlation (inverse isochron) plot. When plotted 276 individually, each run produces an insufficient spread on the isotope correlation plot to define an 277 isochron. However, by including all plateau-forming steps from the four experiments on the same 278 isotope correlation plot the spread of data is sufficient to produce an isochron (albeit with a very 279 low spreading factor). As the data have a spreading factor of only 15%, the isochron has significant 280 uncertainty (34%) in the 40 Ar/ 36 Ar intercept. Nonetheless, this isochron yields an age estimate of 281 193 ± 20 Ma (2σ, 10.4%, MSWD = 2.5, p-value = 0.00, n = 18). The 40 Ar/ 36 Ar intercept of 590 ± 282 200 (2σ) is well above the terrestrial atmosphere 40 Ar/ 36 Ar ratio of 298.56 ± 0.62 (2σ, Lee et al., 283 2006 ). The MSWD value of 2.5 for a dataset including 18 analyses is outside the limits (0.33-1.66, 284 2σ) suggested by Wendt and Carl (1991) for determining whether or not a dataset represents an 285 isochron (MSWD > 1+2(2/f) 1/2 ; where f = number of analyses -1), and the probability of fit is 0.00 286 indicating a poor data fit. Therefore, the uncertainty in the isochron age has been expanded using 287 sem*sqrtMSWD, and we note that this age estimate on it's own would be insufficient to robustly 288 determine the age of impact, however, it is supported by the in situ isochron data as described 289 below. 290 291
In situ UV laser 292
Fifty-three UV laser spots were analysed on four wafers, and the results below are given as 293 analytical precision, 2σ uncertainties ( Fig. 5) . 294
Granitic target rock 295
Four spots on GL4.10A (granitic target rock) selected K-feldspar with minimal or no alteration. 296
Ages range from 1273.2 ± 177.2 Ma to 1608.8 ± 186.8 Ma with a weighted mean of 1417 ± 297 260/264 Ma (18%, 2σ, analytical/external precision, MSWD = 3.5, p = 0.014, n = 4). 298 299
Pink impact melt rock 300
The 14 spots on GL5.15 (pink impact melt rock) comprised six analyses of unaltered K-feldspar 301 (376.7 ± 16.9 to 417.6 ± 5.8 Ma), six analyses of altered K-feldspar (197.3 ± 14.4 to 417.0 ± 39.2 302 Ma) and two orange-pink groundmass locations (415.9 ± 11.6 to 418.5 ± 6.2 Ma) ( Fig. A.8a) . 303 304
Green impact melt rock 305
Five spots in the matrix/groundmass of GL2.21B (green impact melt rock) were chosen for their 306 high potassium content and lack of clasts and mineral inclusions ( analyses rejected from the isochron plot in a loose group, with many very close to the x-axis 331 ( 36 Ar/ 40 Ar ≈ 0). The rejected data, as expected from the step-heating experiments, fall in a wedge 332 shape area of the isotope correlation plot and clearly define mixing between the atmospheric, 333 radiogenic, and extraneous 40 Ar components. Combining the step-heating isochron age (193 ± 20 334 14 9.6/9.9 Ma (2σ, 5%, analytical/external precision), which we interpret to be the best-estimate age 336 for the Gow Lake impact structure. 337
The four in situ analyses of the granitic target rock (GL4.10) define a group clustering close 338 to the x-axis ( Fig. 6 ) that has a weighted mean age of 1417 ± 260/264 Ma (2σ, 18%, 339 analytical/external precision, MSWD = 3.5, p = 0.014, n = 4). The high MSWD (>2.4) for these 340 four analyses suggests that either the uncertainties have been underestimated, or there is real (i.e., 341 geological) scatter in the ages of the measured sample. Given that the target rock was affected by 342 the Hudsonian orogeny (~1.9-1.7 Ga), these ages likely represent a metamorphic cooling history, 343 which was subsequently overprinted by the heterogeneous thermal effects of the Gow Lake impact 344 event. Therefore, the high MSWD and low p-value are likely to be geological scatter. 345 346
DISCUSSION 347
In this section we first discuss the sources of extraneous 40 Ar, their effects on age determination of 348 the Gow Lake impact melt rocks, and the efficacy of our strategies to mitigate this problem. We 349 also briefly explore the role of the geochemistry of impact glass in 40 Ar retention. After accounting 350 for extraneous 40 Ar, we finish by evaluating the best age for the Gow Lake impact structure and ask 351 whether it is part of an impact cluster close to the Triassic-Jurassic boundary. 352 353
Extraneous argonidentification and mitigation 354
The high apparent trapped 40 Ar/ 36 Ar ratio of the isochron derived from step-heating plateaus of the 355 glass separates (sample GL5.07, Fig. 4b) indicates the presence of a significant component of 356 extraneous 40 Ar. This extraneous component could come from excess 40 Ar, inherited 40 Ar, or both. 357
In the case of the plateau-forming steps (Fig. 4) the extraneous component appears to be 358 homogenously distributed at the atomic scale because it cannot be resolved from the radiogenic 359 component on step-heating spectra (i.e., some step-heating spectra still form plateaus, even though 15 of 40 Ar* across the plateaus, which might suggest that the extraneous 40 Ar affecting these samples is 362 excess rather than inherited because if you had inherited 40 Ar you would have more 40 Ar in retentive 363 sites and therefore would not get consistent 40 Ar release across the age spectra plot. Kuiper (2002) 364 demonstrated that apparent plateaus yielding false ages can occur as a result of inherited 40 Ar. 365
However, unless the clasts are exceedingly small, physical contamination of a melt rock by older 366 clasts should be highlighted in the K/Ca and % 40 Ar plots, which is not observed (Figs A.10-A.17) . 367
Because argon preferentially diffuses into quartz over feldspar (Watson and Cherniak, 2003) , quartz 368 can act as a sink for excess 40 Ar (Mark et al., 2010) , therefore, if the extraneous component was 369 excess 40 Ar from fluid migration, some argon may have been trapped in quartz as well as in the 370
glass, yet none of the analyses of quartz (by step-heating, total fusion, or in situ analyses) yielded 371 measurable argon isotopes. Therefore, we interpret the isochron defined by the plateau-forming 372 steps as indicative of mixing between three components: extraneous (either excess, inherited, or 373 both), atmospheric, and radiogenic. 374
With regards to the step-heating spectra with saddle-shapes that are characteristic of 375 extraneous 40 Ar, the older high-temperature ages are interpreted to reflect incorporation of pre-376 impact clasts (i.e., inherited 40 Ar). These target rock clasts were not fully degassed between the 377 impact event and solidification of the glass. Figure 7 illustrates the effects of extraneous argon on 378 the inverse isochron ages produced from steps of progressively increasing temperature for both 379 Groups 1 and 2 (multigrain aliquots of GL5.07). In both cases the low-temperature steps plot in a 380 mixing zone. This zone lies between an idealized impact isochron and the isochron(s) that would 381 result from mixing between a radiogenic component (tied to the age of the impact event, ~196.8 382 Ma) and an extraneous component yielding lower initial trapped 36 Ar/ 40 Ar values in comparison to 383 the terrestrial atmospheric 36 Ar/ 40 Ar value of 0.00335 (such as the isochron defined by the plateau 384 steps; Figs. 4 and 7a) . As step temperatures increase, the data move progressively towards the 385 model isochron defined by the weighted mean age, determined from combined step-heating plateau 386 ages and in situ experiments, until they reach an inflection point near the model impact isochron for 387 Group 1 (Fig. 7B) and near the plateau-defined isochron for Group 2 (Fig.7C ). After this inflection 388 point the higher temperature steps move progressively away from the model impact isochron, and 389 trend towards the location where the target rock ages (~1.4 Ga) would plot (Fig.7) . 390
When compared to Group 2, the Group 1 analyses (Figs 3a, 7b ) contain more inherited 40 Ar 391 (from partially degassed target rock clasts) and less uniformly distributed excess 40 Ar. Therefore, 392 the youngest, relatively low-temperature, ages overlap the isochron defined by the in situ analyses 393 ( Fig. 7d) . In the Group 2 analyses the effect of excess 40 Ar seems to dominate the isotope 394 correlation plot, resulting in a lower vertical spread of data in comparison to Group 1. A 395 consequence of excess 40 Ar dominating the isotope correlation plot for Group 2 is that the data 396 never approach the in situ analyses isochron, contrary to Group 1 (Fig. 7c) . Differences between 397 these two groups highlight the effect of incomplete degassing of the target rock on the measured 398 40 Ar/ 39 Ar ages derived from an impact glass that has a heterogeneous distribution of extraneous 399 40 Ar. 400
Incomplete degassing of incorporated target rock clasts is further demonstrated by clustering 401 of data on the in situ analyses isochron into three distinct groups (Fig. 6) . One group (black ellipses 402 in Fig. 6 ) defines an isochron that agrees within 2σ with the isochron age defined by the plateau 403 steps in the step-heating experiments. The second group (grey ellipses in Fig. 6 ) defines the age of 404 the target rock (~1.4 Ga). The third group plots between them. This result again shows three-part 405 mixing between the radiogenic component (the x-intercept), the atmospheric component (the y-406 intercept), and an inherited 40 Ar component. The latter forms an isochron between ~1.4 Ga (x-axis ≈ 407 0.0034) and the initial trapped 40 Ar/ 36 Ar ratio of the target rock, assumed to be atmospheric. 408
In dealing with the problem of inherited 40 are affected solely by inherited 40 Ar (i.e., no excess 40 Ar). We calculate inherited 40 Ar components 413 of 4.5-23.4 % for the in situ analyses (excluding analyses that define the in situ isochron age, or 414 analyses from the target rock) and 0.02-27.2 % for the step-heating analyses (with a single outlier at 415 94.3%; Fig. 8 ). The step-heating plateaus have 1.5-6.8 % inherited 40 Ar. However, <1% of 416 inherited 40 Ar is sufficient to make the measured age older than the real impact age (Fig. 8) . Thus, 417 1% of inherited 40 Ar yields a measured age of 215 Ma, which is 9 Ma older that the combined 418 isochron weighted mean age of 196.8 ± 9.6/9.9 Ma, and outside the 2σ uncertainty limits. This 419 finding supports the conclusions of Jourdan et al. (2007) that inherited 40 Ar is a significant problem 420 for impact glasses from small structures, particularly where there is a large difference between the 421 ages of the target rock and the impact event. 422
Through the combination of step-heating and in situ analyses, we progressed from sampling 423 relatively large volumes (multi-grain aliquots) to smaller volumes (single-grain aliquots and in situ 424 analyses). With the multi-grain step-heating experiments we were sampling different reservoirs 425 (atmospheric, excess, inherited, radiogenic) which resulted in complex saddle-shaped age spectra 426 plots. At smaller step-heating sample volumes, we measured apparent plateaus, and with the in situ 427 technique we had highly variable results (many spots yielding apparent ages of 300-600 Ma, and 428 others yielding ages of ~200 Ma). Due to the variation in shape of the age spectra and the spatial 429 variability of the in situ ages, we interpreted heterogeneously distributed extraneous argon 430 throughout the glass. By measuring small amounts of material via the in situ technique, we 431 sometimes capture the extraneous component, and sometimes mainly the atmospheric and 432 radiogenic components. So the overall interpretation is that we are sampling different proportions of 433 the same reservoirs with different sample volumes (i.e., techniques). 434 435
The effect of glass composition on extraneous 40 Ar 436
Higher water content (i.e., primary hydration) is known to effectively increase Ar diffusivity in a 437 silicic melt, and thereby assist in complete degassing of pre-impact 40 increasing water content. The presence of water in the glassy matrix of GL5.07 is suggested by its 441 perlitic fracturing and low analytical totals (~92-94 wt. %). However, this water is likely to be 442 inhomogeneously distributed as the perlitic fracturing is patchy, analytical EPMA totals vary 443 throughout the glass, and the variable presence of extraneous 40 Ar in the glasses (as measured by 444 40 Ar/ 39 Ar mass spectrometry) indicates that not all parts of the melt were fully degassed during the 445 impact event. This inhomogeneous distribution of water suggests that while primary hydration of 446 glasses (i.e., hydration that occurred during the formation of the glass) can improve the overall 447 quality of 40 Plotting the chemical composition of the glass and target rock on a TAS diagram highlights 450 their differences in alkali and silica contents (Fig. A.7) . These compositional differences may be 451 important because volatilization of alkalis from the target rock during impact melting might have 452 affected melt viscosity and therefore argon retention. However, the degree of alkali loss is highly 453 heterogeneous, as highlighted by the degree of chemical variation within a single thin section of 454 impact glass (i.e., the high and low total alkali groups; Tables B.3, B.7, Fig. A.7) . Heterogeneous 455 distribution of alkalis may be related either to post-impact resistribution, or variability in alkali loss 456 during melting, or a combination of the two. If it is primarily a result of incomplete loss during 457 melting, then spatially variable alkali loss suggests heterogeneous loss of all volatiles (including 458 water) during melting, resulting in heterogeneous primary hydration of the resultant glass, which is 459 consistent with the patchy perlitic fracturing of the impact glass and therefore heterogeneous argon 460 loss and 40 Ar/ 39 Ar age-resetting. 461 462
The age of the Gow Lake impact structure 463
A minimum age of 100 Ma was proposed for the Gow Lake structure by Thomas and Innes (1977) 464 from its depth of erosion and by comparison with the ~100 Ma Deep Bay impact structure ~90 km 465 to the East (Grieve, 2006b ). The only previous attempt to obtain an absolute age for Gow Lake was 466 the 40 Ar/ 39 Ar step-heating study of Bottomley et al. (1990) . They analysed one sample comprising 467 "a cryptocrystalline melt matrix with approximately 15% lithic and mineral clasts. Most of the 468 clasts are not recrystallized". This sample did not define a plateau age, probably due to the presence 469 of incompletely degassed clastic debris contributing pre-impact radiogenic 40 Ar (i.e., inherited 470 40 Ar*, Grieve, 2006b ). The age spectrum produced by Bottomley et al. (1990) shows a stepwise 471 rising release pattern and the low-temperature age of ~250 Ma was suggested as a maximum 472 estimate for the reheating (impact) event. However, Bottomley et al. (1990) did not present any 473 isotope correlation plots of their data, which makes full assessment of their data challenging. 474
There are two possible scenarios resulting from the data produced in this work: 1) an impact 475 age of ~240 Ma (represented by the two plateaus with >70% 39Ar released), with alteration causing 476 resetting in some samples around 198 Ma, or 2) False plateaus made older than the impact age by 477 incorporation of extraneous 40Ar, and a true age impact age of 196.8 ± 9.9 Ma, represented by the 478 combined isochron results from the plateau steps and the in situ data. We consider the second 479 scenario more probable, because we know from the saddle-shaped age spectra that extraneous 40Ar 480 is a problem for these samples in general, so it's more likely that extraneous 40Ar affected all the 481 samples to some extent rather than that we hit upon the only 4 grains that were not affected by 482 extraneous 40Ar in the four single grain analyses that exhibited plateaus. Additionally, for the 483 plateau ages to be the true age at ~240 Ma, the UV laser data would have to have been picking out 484 alteration ages while the plateau-forming step-heating data are not, which seems unlikely. 485
The presence of extraneous 40 Ar in Gow Lake impact glass, as revealed by saddle-shaped 486 age spectra (Fig. 3) , complicates the interpretation of our 40 Ar/ 39 Ar age determination. However, 487 using the isotope correlation plots to define isochrons, these data can be corrected for extraneous 488 20 the two techniques were irradiated separately and the measurements were undertaken using 492 different mass spectrometers. Taking the weighted mean of the step-heating and in situ isochron 493 ages (analytical precision only, and subsequently propagating the systematic uncertainty from the 494 decay constant) the best age for the Gow Lake impact event is 196.8 ± 9.6/9.9 Ma (2σ, 5%, glass is the best material for 40 Ar/ 39 Ar geochronology of small to medium size impact structures. 501
The 40 Ar/ 39 Ar data show that even when derived from a granitic target rock, which typically yields 502 relatively viscous melts, impact-generated melt glass can provide geologically meaningful 40 Ar/ 39 Ar 503 ages. Schmieder et al., (2018a) found that even hydrated glass clasts in suevite from the Ries impact 504 structure carried signatures of extraneous argon causing older apparent ages, and therefore 505 suggested that tektites may be the best material to be targeted by 40 Ar/ 39 Ar geochronology. It is 506 important to note that in this study, of the 49 analyses of materials presumed to be reset by the Gow 507 Lake impact, only eight provided ages unaffected by extraneous 40 Ar. Even within individual ~1 508 cm 2 size polished wafers the effects of extraneous 40 Ar are highly heterogeneous: ages measured 509 from analyses only 200 µm apart in visually similar material differ by up to 200 Ma (Figs. A.8,  510 A.9). This finding is also consistent with the 40 Ar/ 39 Ar age heterogeneity observed in the step-511 heating analyses, all of which were from one ~48 cm 3 sample (which was subsampled before 512 analysis; Fig. A.1) . Even different parts of a 1 cm 3 subsample yielded contrasting apparent ages, 513 similar local age heterogeneity found by Kelley and Spray (1997) at the Rochechouart impact 514 structure. Finally, for 40 Ar/ 39 Ar age determinations of impactites it is critical to analyse as little 515 material as possible during a single measurement in order to negate the effect of extraneous 40 Ar 516 sourced from clasts of undegassed or partially degassed target rock. The present study shows that by 517 21 progressing from multi-grain analyses to single grain and in situ analyses, it is possible to resolve 518 40 Ar/ 39 Ar ages that have initial trapped components overlapping with terrestrial 40 Ar/ 36 Ar and that 519 produce a geologically meaningful age. 520
Discussion of an impact structure cluster at the Triassic-Jurassic boundary 521
A fascinating aspect of impact geochronology is the suggestion of impact clusters reflecting 522 multiple impacts within a short period of time (e.g., Kelley and Sherlock, 2013) . The age of 196.8 ± 523 9.9 Ma puts Gow Lake within uncertainty of the following impact structures, summarized in Figure  524 more impact structures have ages whose uncertainties are such that they overlap with Gow Lake, 530 but also most other impact events, because they are very poorly dated or not dated at all (Fig. 9b,  531 Table B.8). of the Triassic-Jurassic boundary, its small size means that it would have to have been one of 542 multiple concurrent impact events in order to be causally linked to the Triassic-Jurassic mass 543 extinction, for which there is currently no evidence (Schmieder et al., 2010; Schmieder et al., 2014) . 544
CONCLUSIONS 545
We sought to investigate the argon isotope systematics of impact melt rocks through refining the 546 40 Ar/ 39 Ar age of the Gow Lake impact structure. Gow Lake was potentially problematic for 547 40 Ar/ 39 Ar geochronology due to: (i) its small size (limiting the intensity and duration of post-impact 548 heating and isotopic resetting); (ii) the silicic composition of its target rock (whose viscous melts 549 may degas slowly); and (iii) the large age difference between the target rock (~1.9-1.7 Ga) and the 550 impact event (~0.25-0.10 Ga) meaning that even a small proportion of undegassed target rock clasts 551 can lead to ages older than the impact. Our key findings are as follows: 552 1. A combination of 40 Ar/ 39 Ar step-heating and UV laser in situ analysis has yielded an age for 553
Gow Lake that is significantly more precise and accurate age than previous age 554 determinations. 555 2. Saddle-shaped age spectra, false plateau ages, and super-atmospheric 40 Ar/ 36 Ar ratios 556 resulting in older measured ages, as seen in the Gow Lake data, can be caused by either 557 excess 40 Ar, inherited 40 Ar, or a combination of both. It is difficult to differentiate between 558 23 5. The age of the Gow Lake impact structure cannot be improved upon without collecting and 567 analysing different samples, such as those with fewer clasts, or which experienced less 40 weighted mean impact age and 2σ uncertainties for the Gow Lake impact structure, determined by 756 31 combining the step-heating isochron age and the in situ isochron age (196.8 ± 9.9 Ma; 2σ). The 757 light grey column on the right hand side signifies the weighted mean age of the target rock as 758 determined in this study (1417 ± 264 Ma; 2σ). The pink impact melt rock (GL5.15) produced a 759 single age falling within 2σ uncertainty of the impact age from an altered part of a feldspar clast 760 (Fig. A.8a) . The green impact melt rock (GL2.21B) produced a single age falling within uncertainty 761 of the impact age from a from a cryptocrystalline part of the groundmass, which has curvilinear 762 features similar to perlitic fracture (Fig. A.8b) . The black impact melt rock (GL5.07) produced six 763 ages that fall within 2σ uncertainty of the impact age. Five of those are from analyses of glass, and 764 one is from sieve textured plagioclase (Figs. A.8c,d show data from analysis of K-rich feldspar in the granitic target rock (mean age of ~1.4 Ga). Note 771 that although the isochron relates to compositional space and hence mathematically the ellipses 772 shouldn't overlap the xand y-axes, what we observe here is common for in situ work (e.g., SIMS, 773 LA-ICPMS, and 40 Ar/ 39 Ar) owing to the measurement of small amounts of 36 Ar which essentially 774 overlap with zero concentration. Although there is potential for these data points to skew and bias 775 the isochron, removing analyses with uncertainties that overlap the x-axis increases the uncertainty 776 in the age by 6 Ma but has no effect on the overall age (i.e., these data affect precision but not 777 accuracy), and therefore remain included in the overall isochron age calculation. Age is expressed at 778 analytical precision only. All data are plotted at 1σ, age is reported at 2σ. An inherited component would drag data points towards the y-axis, an isochron fit through that data 789 would then either have a lower 36 Ar/ 40 Ar intercept or, if forcing an atmospheric intercept, would 790 yield an older age. Without further information, it is impossible to tell whether the extraneous 40 Ar 791 is the result of an excess or inherited component. (B) Steps from Group 1 (as in Fig. 3 ) plotted over 792 the mixing line and isochron from (A). Low-and mid-temperature steps move away from the target 793 rock age (black arrowhead) and towards the model impact isochron (dashed line). High-temperature 794 steps move from the model impact isochron and back towards the target rock age (black 795 arrowhead). (C) Steps from Group 2 (as in Fig. 3 ) plotted over the mixing lines and isochron from 796 (A). The pattern of increasing temperature steps moving toward model isochron, and then abruptly 797 turning away and towards the target rock age (black arrowhead) is similar to (B), however there is 798 less vertical spread in the data, and the turning point falls on the isochron defined by the plateau 799 steps (solid line) in the same location where the bulk of the plateau steps plot. (D) Groups 1 & 2 800 plotted on the same isotope correlation plot with the mixing line that defines the isochron from the 801 in situ analyses (as in Fig. 6 ). Group 1 has some data points that fall on the line, whereas Group 2 802 has none. All data are plotted at 1σ, all ages reported at 2σ. 
